Symmetric diblock copolymer/nanoparticle ͑NP͒ systems under planar elongational flow have been modeled and simulated using coarse-grained nonequilibrium molecular dynamics. The aim of our present study is to understand how the dispersion of NPs in a block copolymer system is influenced by elongational flow and how the presence of NPs changes the rheology and flow-induced morphology transition in block copolymers. We consider two different kinds of spherical NPs categorized with respect to their interaction potential with the polymeric blocks: ͑1͒ selective NPs that show a preference toward one of the blocks of a model diblock copolymer and ͑2͒ nonselective NPs that show equal attraction toward both blocks. For unrestricted simulation times during elongational flow, spatially and temporally periodic boundary conditions devised by Kraynik and Reinelt ͓Int. J. Multiphase Flow 18, 1045 ͑1992͔͒ have been implemented. Our results show that the concentration peak of both selective NPs at the center of the preferred domain and nonselective NPs at the domain interface becomes broader with increasing elongation rate, suggesting that elongational flow can be used as another parameter to control nanocomposite self-assembly. In addition, our results reveal that the onset of flow-induced transition from lamellar to disordered morphology is greatly influenced by particle-particle and particle-polymer interactions.
I. INTRODUCTION
Block copolymers ͑BCPs͒ have been attracting great attention in recent years as templates to guide the location of nanoparticles ͑NPs͒ within polymeric matrices. [1] [2] [3] Such popularity stems from the tendency of BCPs to self-assemble into a variety of periodic mesoscale structures such as spheres, cylinders, and lamellae when cooled below a certain temperature ͑T ODT or order-disorder transition temperature͒. 1, 4 The shape and size of such self-assembly structures can be tailored using different compositions and molecular weights of the BCP, respectively. With carefully chosen characteristics of the BCP ͑composition and molecular weight͒ and NPs ͑size and surface modifying ligands͒, one can periodically arrange the NPs in a desired pattern within the composite. 2, 3 Having the NPs periodically spaced can lead to synergistic effects of optical 2 and mechanical properties, 3, 5 for example, and can potentially be used in novel applications such as magnetic storage media and catalysis. [6] [7] [8] Recently, numerous studies have been conducted to explore how various system parameters affect the equilibrium location of NPs within BCPs using experiments, theory, and computer simulations. In these studies, researchers varied parameters such as the interaction between the NP and the "A" or "B" monomer of an "AB" diblock copolymer or the size of the NPs ͑relative to the BCP end to end distance R 0 ͒. In order to experimentally study the effect of interaction between different components of the system, one would typically chemically coat the surface of the NPs with short polymeric ligands. For example, one could synthesize "selective" NPs by chemically modifying the NP surfaces with ligands of block A, for example in an AB diblock copolymer. 9 In another scenario, one could chemically tether ligands of both blocks A and B on NP surfaces to fabricate "nonselective" NPs. 10 As expected, the equilibrium location of the NPs within a BCP melt is dictated by thermodynamics, namely, by the balance between enthalpy and entropy. There are enthalpic interactions between the chemically altered NP and the copolymer blocks. The entropic contribution has two prominent components: the translational entropy of the NPs and the configurational entropy of the polymer chains. In line with the above factors, it has been found that small sized selective NPs ͑R Ӷ R gyr where R = NP radius, R gyr = radius of gyration of polymer chains͒ uniformly disperse within the preferred BCP domain to gain translational entropy. 11 However, when the NP radius is comparable to the R gyr , the polymer chains can lose significant configurational entropy if they try to wrap around the particles. Therefore, the chains push the particles away toward the chain ends ͑which lie at the center of the preferred domain͒, causing the NPs to line up at the center of the preferred BCP domain. 9, 12, 13 In addition, interesting results have been found for the case of nonselective NPs. Experimentally, Kramer and co-workers showed gold NPs with surfaces coated half and half with ligands of A and B, respectively. Here the NPs line up at the interface between the two blocks due to enthalpic interactions of different surface ligands with different blocks. 10 As a consequence, they found that the presence of NPs at the interface led to a de-crease in the number of A-B contacts, thereby weakening segregation between the two blocks at the interface. In a recent study that we conducted using molecular dynamics simulations, we modeled our nonselective NPs in such a way that the entire NP surface was identical and had equal interaction with both blocks. 13 In this case, one would intuitively expect the NPs to be uniformly dispersed in both blocks to gain translational entropy. However, the presence of NPs at the interface even in this scenario suggested that reduction in A-B contacts could be a driving force for such an assembly.
Besides investigating the spatial arrangement of NPs, there is interest in determining how the addition of NPs alters the self-assembly phase diagram of BCPs. It has been found that addition of selective NPs leads to higher effective volume fraction of the preferred domain and therefore induces phase transitions between the thermodynamically stable self-assembled structures such as spheres, cylinders, and lamellae. 12, 14 The nonselective NPs do not show any dramatic effects on the self-assembled structures except that their presence shifts the N ODT to higher values; moreover, for a given N, above a certain critical NP volume fraction, the structure transitions from ordered to disordered due to a reduction in segregation between A and B. 10, 12 Most previous studies on BCP/NP systems are limited to equilibrium state. We cannot overstate the importance of studying nonequilibrium systems, given that deformation and flow are a constituent of most everyday manufacturing processes. During any manufacturing process, a polymer-based melt can be exposed to shear, compressive, and tensile forces, which may affect the properties of the finished product. Knowledge of how the material behaves in such circumstances is therefore imperative.
To provide an insight into the effect of deformation on BCP/NP melt systems, we need answers to two important questions. ͑1͒ Can we retain the desired properties of the composite ͑which is a strong function of NP placement͒ even after it is processed into a final product? ͑2͒ Can flow produce desirable effects and further help us to tailor NP placement and thereby improve material properties?
Recently, we studied the effect of shear flow on different types of symmetric BCP/NP systems. 13 We obtained interesting results not only on how the placement of NPs gets affected under shear but also on some insight into how the presence of NPs affects the shear-induced transition of lamellar orientation in a symmetric diblock copolymer. This study was also important because shear has been shown to be very effective in inducing long range order in BCPs, and a detailed study of this aspect provided an understanding of how NPs behave when shear is used to generate long range order in BCP templates.
However, shear flow is rarely the only process occurring in a typical polymer processing context. Following this argument, we study the effect of elongational flow on similar BCP and BCP/NP systems. This study is extremely important to compliment industrial processes such as blow molding, film molding, and fiber spinning. Additionally, our interest arises from our recent experimental work on electrospinning of BCPs and BCP/NP materials. 15, 16 Electrospinning is a fiber spinning process that uses strong electric field to accelerate and elongate a polymer solution/melt jet to form nanoscale fibers ͑diameterϳ 50-500 nm͒. [15] [16] [17] [18] This process involves very strong extensional deformation with strain rates as high as 10 000 s −1 . We found some interesting results through this study both for pure BCP systems and BCP/NP composite systems, which we anticipate to be effects of elongational flow during electrospinning. 17, 18 This work is intended to provide a qualitative explanation for our findings, along with some general insights into the effects of elongational flow to aid the optimization of various processes. Furthermore, through this work, we wish to provide a direct comparison to our recent findings of effect of shear flow on BCP and BCP/NP systems. 13 Effects of elongational flow have not been very well studied even for simple polymeric systems in the past, the reason for which will become clearer below. Three basic kinds of elongational flow are planar elongational flow ͑PEF͒, uniaxial stretching flow, and biaxial stretching flow. In each of these flows, there is at least one dimension that is continuously shrinking with time, making it extremely difficult to devise an apparatus in which steady state is achieved. Typical experimental methods record the transient properties, with an extrapolation then made to obtain the steady state properties. [19] [20] [21] Based on our literature survey, only a handful of publications has studied the effect of elongational flow on BCPs. Kwon et al. studied the elongational flow-induced alignment process of a lamellar-forming polystyrene-bpoly͑ethylene-propylene͒ diblock copolymer using optorheometry and small angle x-ray scattering. 22 They studied two cases with different initial lamellar orientation both under a small Hencky strain rate of 0.01 s −1 . In the first case, extension was applied perpendicular to the lamellae normal, while in the second case, extension was applied parallel to the lamellae normal. In both cases, the lamellae finally oriented such that their normal was perpendicular to the flow direction before rupture of the sample material took place. Extensional flow has also been shown to cause micronecking and breaking of ordered BCP domains. [23] [24] [25] Simulation of elongational flow via nonequilibrium molecular dynamics ͑NEMD͒ has been plagued by similar problems to those found in experiments. The contraction, occurring in at least one dimension, imposes a limit on the amount of time we can run a simulation. The problem is particularly critical for study of steady state behavior of slow relaxing systems such as polymers. An appropriate selection of initial system dimensions 26 could be helpful; however, this method can not improve the allowed simulation time sufficiently to study polymers. Moreover, increasing the initial simulation box dimensions would increase the computational cost. Oscillatory elongational field method has been used, and results have been obtained via extrapolation to zero-frequency limit. Due to the periodic nature of the flow field, this methodology provides an attractive option to run the simulation for infinite times. However, there is a minimum allowable frequency in this methodology and this critical frequency increases with increasing strain rate and decreasing initial box length. So for higher strain rates, one needs to start with a large enough initial box length, causing an increase in computational cost.
Moreover, some results obtained via extrapolation to zerofrequency limit have been shown to be overestimated at high strain rates. 27, 28 Kraynik and Reinelt ͑KR͒ showed that it is possible to perform PEF on an initial lattice structure, maintaining both spatial and temporal periodicity. 29 Here the initial simulation box is inclined at a certain angle 0 to the flow direction. The system boundaries are allowed to deform with the flow, and after a certain time, the lattice can be seen to reproduce itself, making the simulation periodic in time. The advantage of using such a technique is that it allows the simulation to run indefinitely. Todd and Daivis, very efficiently implemented the KR periodic boundary conditions in an NEMD simulation of PEF to study different polymeric systems. [30] [31] [32] [33] We adopt a similar scheme in this paper to study the effects of PEF. We will talk about this scheme in more detail in the following sections.
In the current work, we present results on coarse-grained molecular dynamics simulations of BCP/NP mixtures subjected to PEF. As mentioned above, effects of elongational flow have not been extensively studied for BCP systems. Therefore, we first study how a symmetric BCP selfassembly changes with increasing elongational flow rate. This study is conducted with no NPs. Then we study composite systems with 10 vol % NPs in symmetric BCP melts. Here we take the case of both selective and nonselective NPs for a fixed NP diameter over a range of elongational flow rates. From these simulations we aim to answer three questions. ͑1͒ How does elongational flow affect the BCP selfassembly? ͑2͒ How does elongational flow affect the spatial distribution of NPs? ͑3͒ How does the presence of NPs affect the flow-induced transition in BCP self-assembly? Our ultimate goal is to elucidate the conditions that are necessary to gain even greater control of the highly ordered placement of NPs.
In the following section we describe the manner in which we modeled the BCP and the NPs. We show the pairwise potentials for all species, and we provide details on the computational method employed to make the system temporally periodic. In Sec. III, we present simulation results on pure BCP system and the different nanocomposite systems that we studied under elongational flow. Finally, in Sec. IV, we suggest mechanisms that could explain our findings.
II. MODEL AND COMPUTATIONAL DETAILS

A. Potentials
The copolymer chains in the current study are modeled as bead-rod chains. In order to fix the bond lengths, we have adopted a method of constraints described by Bruns et al. 34 In this method, first positions of all beads in a particular chain are calculated using Newton's equations of motion. Then the deviation of the new bond lengths from the desired bond length is used to calculate the correction term. This correction term is then used to calculate a new position value of all beads. This process is repeated until all bonds attain a constant desired value of 1.0 MD units within an error of 0.000 01.
Since we are dealing with a diblock copolymer, the chains consist of A and B blocks of monomers. The excluded volume interactions between the A and B monomers are accounted for by the purely repulsive, cut, and shifted, Lennard-Jones ͑LJ͒ potential, which is often referred to as the Weeks-Chandler-Anderson ͑WCA͒ potential,
where r is the separation distance between beads and and are the LJ parameters taken to be unity for the sake of simplicity.
To incorporate the physics of microscopic phase separation between the A and B species, we utilize an attractive potential between like monomers ͑i.e., A-A or B-B͒. This interaction taken together with the repulsive A-B potential ensures that phase separation will occur if the temperature is below the order-disorder transition temperature. We use the same attractive potential that was used by Horsch and co-workers 36 to model the equilibrium properties of diblock copolymer melts. This is again a LJ potential, but now it is cut and shifted at values that differ from those presented in Eq. ͑1͒,
The higher cutoff means that this is not purely repulsive and that monomers of the same type are attracted to each other. With this potential, Horsch et al. generated various points in the phase diagram and found good agreement with the phase diagram from mean field theory. These authors derived the Flory-Huggins parameter between the A and B sites as a function of the simulation temperature. 36 In the present work, we performed all simulations for model symmetric BCPs at a temperature that results in N value ͑ϳ50͒ well above the order disorder transition.
For the NPs, we model two different types of particles, namely, selective and nonselective. For selective particles, we use a purely repulsive potential between monomer B and particle "P" ͓Eq. ͑1͔͒, and for the interaction between monomer A and P, we use the LJ potential with an attractive tail = u ATT ͓Eq. ͑2͔͒. For nonselective NPs, the interaction of P with both monomer A and monomer B = u ATT . P-P potential used in all systems= u ATT . Table I summarizes the interac- 
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tions between different elements in various systems. Molecules under elongational flow are not expected to experience any torque owing to zero curl of streaming velocity. Therefore, our simulation model neglects the effect of NP rotational dynamics on the rheological behavior of our systems.
B. Computational details
Throughout these simulations we fixed the polymer chain length to ten monomers or beads. The particle volume fraction was fixed at 0.1 for both selective and nonselective NPs to preserve lamellar morphology in the nanocomposite. 12 The site density was kept fixed at 0.85, and the temperature k B T was kept at 1.0 using the Gaussian thermostat. 31 In addition, it has been shown in the past that molecular dynamics simulations of elongational flow get unstable over long periods of time, owing to an exponential increase in the momentum along the contracting direction due to numerical round-off errors. We use the method of zeroing the linear momentum at each time step to prevent such instability. 32, 37 The velocity Verlet algorithm was used to integrate the equations of motion with a time step = 0.005. The simulations were run for a sufficiently long time until variables such as pressure, potential energy, radius of gyration, and mean squared end to end distance remained constant.
We note that the NP size used for most part of the current work is same as the size of the monomeric bead ͑ϳkuhn monomer 38 ͒, and one could then consider such NPs to actually represent a solvent or small oligomer. However, the "NP size/polymer radius of gyration" ratio corresponding to NPs used in this work has been found in practice in several instances. [39] [40] [41] From our preliminary results, we find that the radius of gyration of a copolymer chain in the pure BCP system used in this work is R gyr = 5.9, corresponding to P / R gyr = 0.17, where P ͑NP size͒ = 1. Table II summarizes some of the parameters used in this work.
C. Implementation of elongational flow
To implement PEF with temporally periodic boundaries, we adopt an algorithm first proposed by Todd and Daivis using the boundary conditions devised by Kraynik and Reinelt. [29] [30] [31] Here, we start the simulations with an initial box/lattice inclined at an angle = 31.7°to the direction of elongation ͑x͒. Kraynik and Reinelt showed that for certain discrete values of , the lattice is both spatially and temporally periodic. The lattice has been shown to repeat itself at integer multiples of a fixed strain termed as "Hencky strain ͑ p ͒." Hence, the system remains temporally periodic at times t = n p , where n is an integer multiple and p = p / . The boundaries of the simulation lattice evolve according to Eq. ͑3͒ ͑obtained by integrating the governing equations of motions͒. At t = p , the lattice reproduces itself. If any particle/bead is outside of the lattice boundaries at any step, they are appropriately translated in x, y, and z directions such that it re-enters the test simulation box,
To implement the spatial periodic boundary conditions in the elongated lattice, we use the deforming brick scheme as described by Todd and Daivis. 30 We use the SLLOD ͑Ref. 42͒ equations of motion with a Gaussian thermostat to implement elongational flow,
where r i, , p i, , and m are the position vector, peculiar momentum, and mass of the th particle/bead, respectively. ‫ץ‬u i / ‫ץ‬x j is the velocity gradient, and ␣ is the Gaussian thermostat multiplier,
.
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The pressure ͑total stress͒ tensor is calculated using
where r i, and F j, are the position and force of the th particle/bead relative to the th one ͑i.e., r i, = r i, − r i, and
We calculate elongational viscosity as 43 for validation of our code. This validation is conducted for different chain lengths of N = 1, 2, 4, and 10.
We would like to point out here that we used an atomic version for both the SLLOD equations of motion and the Gaussian thermostat. It has been shown in the past that it is extremely critical to account for both rotational and translational degrees of freedom when simulating molecular elements such as polymers. Travis et al. demonstrated the use of molecular versions of the SLLOD equations coupled with a molecular thermostat to prevent the exertion of any unreal torque on the molecules and to countery any adverse effects. 44, 45 While the correct representation of the rotational degrees of freedom is very critical when studying shear flow, it is expected to not have any adverse effects for the case of elongational flow where there is no spin.
III. RESULTS
A. Effect of elongational flow on BCP self-assembly
We conducted simulations for a pure BCP melt system for different elongational rates ranging from =0 to = 0.2 MD units at intervals of 0.001/0.005 at lower flow rates and intervals of 0.02 at higher flow rates. We find that for Ͻ 0.025, the system develops an ordered lamellar morphology at steady state, while for Ն 0.025, a disordered morphology is formed. In Fig. 1 , we show simulation snapshots for = 0.005 and = 0.2, showing ordered lamellar and disordered morphology, respectively. In Fig. 2 , we plot the concentrations of block A and block B along the z axis. Figure  2͑a͒ indicates strongly segregated blocks with ordered lamellae consistent with the snapshot in Fig. 1͑a͒ . The concentration profile in Fig. 2͑b͒ is uniform throughout the z axis, indicating disordered or homogeneous morphology. Figure  2͑c͒ shows the concentration profile of blocks A and B at different elongational rates. The figure demonstrates that the segregation between A and B blocks gradually decreases with increasing flow rate. For elongation ratesϾ 0.025, no identifiable ordered structure is seen in the simulation snapshots ͑figure not shown͒. Figure 2͑d͒ shows the elongational viscosity of the system as a function of flow rate. Absence of any sudden drop in viscosity indicates the order-disorder transition under extensional flow is a gradual one, unlike the parallel to perpendicular lamellar transition seen under shear flow. 40, 41 An interesting thing to note here is that for all low flow rates where ordered lamellae is formed, lamellae develop in the perpendicular orientation. Here, we define perpendicular orientation as the one where normal to the lamellae is along the neutral z direction ͑similar to the way it is defined for shear flow͒. We do not see parallel orientation for any of the flow rates studied. Again, the parallel orientation is defined as the one where the layers are parallel to the extensional flow direction. This is different from the shear flow case, where it has been shown through both experiments 40, 41 and simulations 46, 47 that parallel lamellae are formed at low shear rates. In our recent molecular dynamics study of shear flow, we had found parallel lamellae for low flow rates comparable to the ones used in this study. 13 However, shear flow has been shown to induce a transition of orientation from parallel to perpendicular lamellae on increasing the flow rate. 13, 40, 46 Perpendicular lamellae in these studies have been associated with lower potential energy and a lower modulus, thus providing an energetic reason favoring such transition. A possible explanation for appearance of only perpendicular lamellae and absence of parallel lamellae even at low flow rates during elongational flow could be that the deformation effect is more drastic during extension compared to shear flow. Moreover, in a parallel lamellar morphology under extensional flow, the polymer chains would be parallel to the contraction direction ͑y͒ and would therefore experience much higher resistance, unlike shear flow where there is no contraction.
As mentioned above, at high elongational rates, a disordered morphology is formed. Such a transition is driven by a tendency of the polymer chains to align along the flow axis ͑x axis͒, causing the blocks to lose their order. Rupture of ordered domains into smaller broken domains has also been found experimentally. Seguela et al. 23 studied elongational deformation mechanism of solution cast films of polybutadiene-hydrogenated poly͑styrene-b-butadiene-bstyrene͒ BCP exhibiting lamellar morphology. They found that lamellae undergo necking and rupture at high elongational rates. Pakula and co-workers 24 studied the extensional deformation behavior of styrene-butadiene-styrene BCP exhibiting cylindrical morphology. They presented a variety of deformation behaviors that occur when the oriented microdomain structure is deformed at various angles to its original orientation. They also found that rupture of domain structures takes place at high extension rates. Moreover, in our recent work on electrospinning of BCPs, we had seen that disordered morphology forms in as-made electrospun nanofibers. The electrospinning process involves very strong extensional deformation with strain rates as high as 10 000 s −1 .The simulation results above provide a reasonable explanation for formation of such disordered structures. Figure 3 shows the mean squared end to end distance of polymer chains ͑͗R 2 ͒͘ in x, y, and z directions as a function of strain rate. ͗R 2 ͑x͒͘ monotonically increases with increasing flow rate due to the orientation of chains along the flow axis. For low flow rates, ͗R 2 ͑z͒͘ is greater than ͗R 2 ͑y͒͘ due to the presence of perpendicular lamellae. With increasing flow rate, ͗R 2 ͑z͒͘ decreases and ͗R 2 ͑y͒͘ increases as the morphology shifts from ordered to disordered. The gradual decrease in ͗R 2 ͑z͒͘ ͑and absence of a sudden drop͒ with increasing flow rate further confirms that the shift in morphology from ordered lamellae to disordered structure is a gradual one. Furthermore, ͗R 2 ͑z͒͘ drops to ϳ0 at = 0.2. This suggests that the chains tend to lie in the x-y plane at high elongational rates.
B. Spatial distribution of selective particles within diblock copolymers
Here we study the effect of elongational flow on distribution of selective NPs in BCP melts. Here the NPs are modeled in such a way that they have a preference for block A. Here again, we find that the morphology shifts from ordered perpendicular lamellae to disordered as we increase the flow rate. However, this time such transition takes place at a higher extension rate, = 0.03, than the pure BCP case. In Figs. 4͑a͒ and 4͑b͒ , we show simulation snapshots at = 0.005 and 0.2, respectively, showing ordered and disordered morphologies, respectively. In both parts, we show snapshots from two different angles to show the NP distribution more clearly. We plot the concentration of blocks A and B and the NPs along the z axis for = 0.005 in Fig. 4͑c͒ . We note that the concentration of A-selective NPs in the B domain remains zero in spite of the flow. These results indicate that the NPs have a tendency to line up at the center of the A domain. For the NP size/polymer end to end distance ratio used in this work, such results have been found both experimentally and through simulations for quiescent/equilibrium systems. 9, 12 Our results in this work indicate that the NPs maintain this tendency in spite of the strong extensional flow conditions. In other words, "prevention of configurational entropy loss" still remains the dominant force pushing the particles close to A chain ends at the center of the A domain. 9, 12, 13 This result is similar to what we found for shear flow in a previous study. 13 Then we studied the effect of elongational flow strength on the NP concentration peak ͑at the center of A domain͒ shown in Fig. 5͑a͒ . Here, we restrict ourselves to elongational rates where ordered lamellar structure is formed. The figure shows that the peak of the selective NP concentration in the A domain broadens as we increase the flow rate. This could be attributed to the decreasing segregation strength between the two blocks, causing a decrease in A-chain end density at the center of the A domain. To support this argument, we also plot the A-chain end concentration for different elongational rates in Fig. 5͑b͒ . This result further strengthens our finding that the entropic contributions play a significant role in determining the assembly of NPs in BCPs under deformation. We would like to point out here that for the case of shear flow also, we had found that entropic contributions play a dominant role. However, unlike elongational flow, the NP concentration peak sharpened with increasing shear rate due to the shear-induced suppression of fluctuations ͑that lead to an increase in A-chain end density at the center of A domain as a function of shear rate͒.
13
C. Spatial distribution of nonselective particles within diblock copolymers
In Figs. 6͑a͒ and 6͑b͒ , we present snapshots of the structures we obtained from our simulations of nonselective NP/ BCP system. Here the NPs are modeled in such a way that they have equal preference for both blocks A and B. Again, we see a transition of morphology from ordered perpendicular lamellae to disordered structure, except this time this transition takes place at a lower extension rate, = 0.02, than the pure BCP case. In addition, the image indicates that the NPs are preferentially located at the interface between A and 
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Nanocomposite assembly under extensional flow J. Chem. Phys. 131, 214904 ͑2009͒ B domains. In Fig. 6͑c͒ we see distinct NP concentration peaks at the A-B. The nonselective particles are equally attracted to the monomers of both copolymer blocks; therefore, we expect that the particles show no enthalpic preference for either domain and distribute uniformly throughuot the polymer to gain translational entropy. The main driving force causing the particles to position at the AB interface is the reduction in interfacial tension arising from decrease in AB contacts. 12, 13 However, the particles are not zero in A and B domains due to the favorable interactions between NPs and A ͑and B͒ domains. Our results qualitatively agree with the findings of Schultz et al. who studied similar systems under no flow conditions. 12 The concentration profile has been normalized with the maximum A ͑or B͒ concentration. In Fig. 7 , we plot the NP concentration as a function of elongational rate. Here again we only consider flow rates where an ordered lamellar structure is formed. Consistent with the selective NP case, we see that the NP concentration peaks becomes broader as the flow rate increases due to widening of the AB interface owing to a decrease in the segregation.
D. Flow-induced transitions in lamellae orientation
As noted above, we see a transition from ordered lamellar morphology to a disordered structure as we increase the elongational flow rate for all the above systems ͑pure BCP, selective NP/BCP, and nonselective NP/BCP͒. However, as seen from simulation snapshots and concentration profiles, this transition takes place at = 0.025 for the pure BCP case, = 0.03 for selective NP/BCP case, and = 0.02 for nonselective NP/BCP system. In addition to this, we studied this aspect using mean squared end to end distance in y and z directions as a function of elongational flow rate ͑see Fig. 8͒ . We find that ͗R 2 ͑z͒͘ decreases at different rates for the three systems, with the nonselective NP case being the fastest and the selective NP case being the slowest, consistent with the results from snapshots and concentration profiles. Again, we would like to point out here that the critical flow rates mentioned above ͑where the transition takes place͒ is rather approximate as this transition is gradual and not a sudden one. So here the rate at which this transition takes place would be more relevant ͑as seen from Fig. 8͒ .
IV. DISCUSION
In the first part of Sec. III, we considered the effect of elongational flow on pure BCP melts. Here we find that at low flow rates, the systems forms an ordered lamellar structure oriented in the perpendicular direction ͓i.e., the lamellae normal is parallel to the neutral ͑z͒ direction͔. However, at higher flow rates, the morphology evolves into a disordered structure. This transition is a gradual one, where the segregation between the two blocks decreases with increasing elongational rate, and beyond a certain elongational rate ͑ =critical rate͒, the morphology is no longer ordered. This effect stems from the tendency of the polymer chains to align along the flow direction such that beyond a certain rate, the segregation between blocks no longer plays a role in determining the assembly of the system. This result is in agreement with experimental findings in the past, where extensional flow was shown to cause micronecking and breaking of ordered BCP domains resulting in disordered morphology. [23] [24] [25] Furthermore, in our recent work on electrospinning of BCPs, we saw the formation of disordered morphology in as-made fibers partly due to the strong extensional deformation during the fabrication process. 15, 16 The formation of the perpendicular lamellae versus parallel lamellae at low flow rates can be justified as follows. In a parallel orientation, the polymer chains are perpendicular to the flow direction, or the interface between strongly segregated A and B blocks is parallel to the flow direction; therefore the chains or the BCP domains feel a large resistance to flow. Wiesner et al. used the rolling log analogy to explain the formation of perpendicular lamellar under shear flow. 40, 41 Owing to the no spin condition in elongational flow, we do not expect the chains to roll as in the case of shear flow. However, for the case of elongational flow, the y direction is contracting with time, so the chains would feel high stresses in the y-direction if they align parallel to the y-axis ͑which would be the case if parallel lamellae are formed͒. This could explain why we see perpendicular lamellae. However, in some of the experimental studies done in the past, it was found that the lamellae orient along the parallel direction under extensional deformation. 22 The strain rates used in the literature ͑=0. 
Moreover, in real systems, modulus contrasts between the two blocks could play a prominent role, unlike our simulation model where such a contrast is not present. This contrast has been shown to result in the formation of parallel orientation under shear flow by Wiesner and co-workers. 40 In the second part of our results we consider BCP nanocomposite systems with two qualitatively different kinds of NPs in a symmetric diblock copolymer melt, namely, selective and nonselective NPs. For the case of selective particles, we find that the NP concentration profile exhibits a maxima at the center of the preferred domain A where most chain ends lie. This finding is in agreement with literature results ͑for quiescent systems͒ for the NP size to polymer ratio considered in this work. 2, 12 Here, the entropic contribution plays a dominant role and pushes the NPs close to the A block chain ends. A broadening of the NP concentration peak is seen with the application of elongational flow. We suggest that this finding is attributed to the flow-induced suppression of A-B segregation, causing the A-chain ends to be less defined at the domain center, thereby forming a less defined particle layer at the domain center. To further support this argument, we plotted the concentration profile of the "A chain end" for different elongational rates, and we found a similar trend as the NP profile. This is in agreement with our recent simulation work on effect of shear flow on similar nanocomposite systems, 13 where we had found that the A-chain end concentration is a significant factor in determining the NP concentration peak at the domain center ͑where most chain ends lie͒. However, under shear flow, this peak sharpens with increasing shear rate as shear flow suppresses concentration fluctuations and sharpens the A-chain end density at the domain center, unlike elongational flow.
For the nonselective particles, NP concentration peak appears at the A-B interface. This phenomenon is energetically favorable as the NPs at the interface decrease interfacial tension by reducing the number of A-B contacts. In this case, also, we see a similar broadening of the NP concentration peak with increasing elongational flow rates, owing to the same reduction in A-B segregation or broadening of the interface with increasing flow rate. We do note here that for the case of nonselective particles, the NP concentration peak at the A-B interface is a lot less sharp than the selective NP concentration peak at the A-domain center. This could be possibly explained as follows: for selective NPs, the particles experience the same enthalpic interaction throughout the A domain, so the entropic force that causes theNPs to line up at the domain center remains unopposed. For the case of nonselective NPs, opposing forces exist; the enthalpic force tries to keep the NPs at the interface as they reduce interfacial tension between A and B, and the entropic force tries to push the particles away from the interface toward the chain ends to prevent any entropic penalty. Due to this competition, the driving force to keep the particles at the interface is not that strong, and hence, a relatively less sharp peak is seen.
Lastly, we studied the critical elongational rate at which the transition from ordered to disordered morphology takes place for the three systems. Here we found that for nonselective particles, this critical flow rate reduces ͑compared to a pure BCP͒. As we mentioned above, nonselective particles at the interface reduce the A-B segregation; therefore for such a system it is much easier to form a disordered morphology. While, for the case of selective particles, we believe that the NPs help in bridging different A chains and strengthening the cohesive forces within block A, causing an increase in effective segregation between A and B. Therefore the critical flow rate increases for the case of selective NPs. In our previous work on effect of shear flow, we found a similar shift in critical flow rate. However in this case, this critical flow rate was the shear rate at which the transition took place from parallel to perpendicular lamellar. Although, this transition was a different one, but in both cases, the system goes through a disordered phase and the segregation between blocks A and B is very critical. 46, 47, [49] [50] [51] Our results for both elongational flow and shear flow 13 are consistent in this respect.
V. CONCLUSION
In this work, we have conducted a coarse-grained molecular dynamics study on how planar elongational flow affects the self-assembly of pure symmetric diblock copolymer melt systems and symmetric diblock copolymer/NP composites. For unrestricted simulation times during elongational flow, spatially and temporally periodic boundary conditions devised by Kraynik and Reinelt have been implemented. 29 For the case of pure BCP melt, it was found that elongational flow causes a order-disorder transition as the flow rate is increased. This transition is driven by the tendency of polymer chains to orient along the flow direction. Only perpendicular lamellar orientation was seen at low elongational flow rates possibly due to the compression along the y-axis during extension, preventing the formation of parallel lamellae. For the study of BCP nanocomposites, we investigated two main aspects, namely, the effect of elongational flow on NP assembly within BCPs and the effect of the presence of NPs on flow-induced order-disorder transition. Two different kinds of NPs were considered in this work, selective NPs and nonselective NPs, categorized with respect to their interaction potentials with the polymer chains. For both cases we found that flow has a prominent effect on NP assembly and therefore can be used as a parameter to control the location of NPs within BCPs. In addition, it was shown that the presence of NPs affects the critical flow rate at which the orderdisorder transition takes place and such an effect is a strong function of polymer-particle interaction potentials. Mechanisms responsible for our findings have been suggested with a systematic comparison with the effect of shear flow on similar systems seen in literature and our own recent previous work.
